ABSTRACT In five species of squid, varying in life-style from fast-swimming pelagic predators to sluggish benthic forms, the circular muscle of the mantle was found to be metabolically and structurally differentiated into inner, middle, and outer zones. In the middle zone, mitochondrial abundance and the ratios of oxidative to glycolytic enzyme activities were low. This zone was sandwiched between thinner bands of muscle lining both the inner and outer edges of the mantle. In these bands, mitochondrial abundance and the ratios of oxidative to glycolytic enzyme activities were high. It is proposed that this metabolic differentiation is analogous to the development of red and white muscles in vertebrates and that it serves a similar function, white muscle mainly supporting burst-type swimming and red muscle sustaining steadystate oxidative work.
Ofall the Mollusca, squid are by far the most capable swimmers, some being able to attain speeds of 10-15 knots (1, 2). These speeds are attained by cyclic inhalant and exhalant movements of the mantle muscle to produce a characteristic jet propulsion movement. From visual observations of pelagic squid, at least two kinds of swimming (steady-state and burst) can be clearly deciphered. In vertebrates (3) , and fish in particular, red, intermediate, and white muscle types are specialized for these two kinds of locomotion, although there may be some overlapping functions in active species like the tuna (4). However, except for a few casual observations (5) , such an organization has never been described in cephalopods (6) .
In reexamining this problem in a number of squid species, we have found clear evidence of metabolic differentiation ofthe mantle musculature. In one common pattern, found in Loligo opalescens, two distinct bands on the inner and outer edge of the mantle are specialized toward a highly oxidative metabolism, whereas the middle mantle displays a higher dependence on anaerobic glycolysis. Evidence from enzyme measurements, histochemistry, and polarized light plus interference contrast microscopy indicates that, compared to the middle mantle, the two oxidative bands ofmuscle display relatively higher activities of oxidative enzymes, higher mitochondrial abundance, and lower myofibrillar density. Variations on this theme were observed in the five squid species examined. While this work was in progress, parallel and independent studies on Alloteuthis (7) showed greater mitochondrial abundance and capillarity in outer and inner bands of the mantle, thus confirming and extending our observations. MATERIALS AND METHODS Experimental Animals. L. opalescens (25-45 g, fresh weight), a migratory species, was captured by jigging in the Bamfield Inlet, BC, during May. The animals were used immediately, whenever possible; otherwise, they were frozen in liquid nitrogen and returned to the laboratory for histochemical and enzyme determinations.
Illex Symplectoteuthis oualaniensis (50-150 g, live weight), a species of fast-swimming pelagic squid, was jigged at night on the leeward side of Oahu, HI, during June.
Tissue Preparation. The activity levels ofa series ofenzymes with known metabolic function were determined in samples of skinned muscle, dissected carefully from the inner (about 1 mm) band, from the middle mantle, and from the outer edge (about 1 mm). Samples were weighed, diced, and then homogenized in 10 vol of 50 mM imidazole buffer (pH 7.40) by using a Polytron homogenizer. Homogenates were spun at 10,000 X g for 15 min; reextraction of the pellets showed that most of the enzyme activity was in the supernatant fraction in each case. Enzyme activities were determined as described (5, 8) but at pH 7.4 instead ofpH 7.0 for the assays and monitoring of oxidation or reduction of NAD(P)H and NADW, respectively, at 340 nm in a recording spectrophotometer at 25°C. a-Glycerophosphate dehydrogenase was assayed in 50 mM imidazole buffer at pH 7.8. Citrate synthase was assayed in 50 mM Tris1HCl buffer (pH 8.1) as described (8, 9) . Octopine dehydrogenase, a-glycerophosphate dehydrogenase, and malate dehydrogenase activities were localized histochemically in cryostat sections (100 ,Am) with nitro blue tetrazolium as the final electron acceptor (10) . Staining for octopine dehydrogenase was done by the method of Markert (10) for lactate dehydrogenase but with 5 mM octopine replacing lactate. Succinic dehydrogenase activity was visualized as described (4) .
Polarized light and interference contrast microscopy ofLoligo and Illex mantle was carried out on cryostat sections (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ,um) of tissue that had been fixed in 5% formaldehyde in sea water. Proteins were measured by a modified biuret method (11) . One unit of enzyme activity is defined as 1 ,umol of substrate converted to product per min per g fresh weight of tissue at 250C. RESULTS AND DISCUSSION Visual inspection ofLoligo mantle in cross section readily shows a noticeably yellow inner band, an off-white to yellow outer band, and a clear white middle zone.
Polarized light microscopy ( Fig. 1 A and B) revealed that the inner and outer bands of circular muscle are less birefringent 3274 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. (as indicated by brightness) than the muscles in the midmantle region. Because birefringence in muscle tissue arises primarily from the parallel arrangement of myofilaments, these data suggest that the content of myofilaments relative to other cellular organelles is greater in the midmantle (highly birefringent) region. The interference contrast micrographs (Fig. 1 C-G) support this interpretation and lead us to believe that the major difference between these layers is in the relative abundance of mitochondria and myofilaments. Longitudinal sections of the outer and inner circular muscles (Fig. 1D ) reveal a central core of cytoplasmic organelles I to 4 ,um in diameter, as is typically found for mitochondria in cephalopod muscle (5) . Each cell has a single myofilament structure that appears to be a hollow cylinder lying just under the cell membrane. Where the plane of section passes through the midplane of a cell, individual sarcomeres can be seen clearly; where it passes tangentially through the myofilament structure, the oblique striations ofthis muscle become apparent. Transverse sections of these cells (Fig. 1E) clearly demonstrate the cylindrical form ofthe myofilament structure.
In contrast to the inner and outer zones, longitudinal sections of the circular muscles from the midmantle region (Fig. iF) reveal virtually no organelle structure other than the oblique striations of the myofilament systems. Transverse sections-of these cells (Fig. 1C) show that the cylindrical myofilament structure is substantially thickened whereas the central core is much reduced, typical ofmitochondria-poor muscle cells (5, 6) .
The microscopic structure of squid mantle thus is consistent with a metabolic differentiation of the mantle into three zones of varying oxidative capacity, an organization that should also Fig. 1 for two species of squid.
In addition to circular muscles, squid mantle contains layers of radially oriented muscles that extend from the outer to the inner surface of the mantle. Although we do not have separate enzyme measurements for these radial muscles, they are similar in appearance (Fig. 1G) to the midmantle circular muscles. Therefore, we tentatively assume the radial muscles are of the anaerobic type, but we have not been able to verify this.
The implication of two fiber types is further supported by histochemical localization of succinic dehydrogenase as a dark staining (highly oxidative) band on the inner mantle edge and on its outer edge (as shown in Fig. 2 for two species that vary greatly in their life-styles). These histochemical differences are reminiscent ofred and white muscles in vertebrates (3, 13) and, like them, extend in some species to staining for other enzymes including malate, a-glycerophosphate, and octopine dehydrogenases (unpublished data).
Although we have observed this general pattern of mitochondrion-rich cells on the inner and outer surfaces ofthe mantle of all squid we have examined, the pattern is not exactly the same in all species. Fig. 1 A and B shows that in Loligo the inner layer is somewhat thicker than the outer layer whereas in Illex the opposite trend is observed. Such species specificity is also indicated in the histochemical data (Fig. 2) Although we cannot yet explain this distribution of muscle types, we suspect that the location of the aerobic fibers on the inner and outer surfaces is related to the hydrostatic system that antagonizes the circular muscles (14) . This system uses muscle tissue itself as the working fluid. The shape change that accompanies the contraction ofcircular muscles duringjetting is translated by the mantle hydrosystem into an increase in mantle thickness. This increase in thickness, which requires an increase in the mantle tissue pressure, extends to the radial muscles. During the refilling phase, the circular muscles are extended (and the mantle expanded) presumably by the contraction of the radial muscles, again acting on the tissue fluid. During aerobic steady-state swimming or respiratory movements, only a small portion of the total muscle mass is active, the rest acting solely as a passive fluid. In hydrostatic skeletons in general, the pressurizing muscle/container is always placed around the working fluid. Thus, we suspect that the aerobic muscle in squid mantle is placed "outside" the anaerobic muscle so that the entire system can be pressurized during low-amplitude aerobic movements. During burst swimming, when all muscles are active, there is no passive working fluid, and all muscles become self-pressurizing components of the system. However, we cannot fully explain the differences we see between species. A possible explanation for these species differences is that they arise from different swimming styles and abilities. Of the five species examined, the two fully pelagic species, Ommastrephes and Symplectoteuthis, are well known as fast swimming predators (2, 15) . Interestingly, both display relatively reduced outer bands of oxidative muscle but thick inner bands. This is evident in visual inspection (outer band not visible), in histochemical data (Fig. 2b) , and in the substantial differences between the levels ofoxidative enzymes in the inner and outer bands ( Table 2) . Ofthe species studied, Berryteuthis, a sluggish benthic squid, contrasts most sharply with the pelagic species and it is instructive that both its outer and inner mantle bands are decreased (evident by visual inspection as well as in unpublished histochemical data), but the two bands display nearly identical enzyme profiles. Perhaps the pelagic animals have evolved more extensive collagenous fiber systems that can replace some of the pressurizing function of muscles, as is seen in organisms such as nematodes (16) . 
